The effects of annealing and variation of temperature on the electrical and thermoelectric
applications in photovoltaic cells [3] [4] [5] [6] , solid-state batteries [7, 8] , phase-change memories [9, 10] , detectors of ionizing radiation [11] , as a suitable candidate for nanoelectronics [12] , optoelectronic devices [13, 14] and Field-effect transistors [13] . The InSe-based devices also show excellent flexibility [6, 15] and air stability [16] . Nowadays, many researchers have reported the magnificent performance of InSe as a thermoelectric (TE) power conversion materials [17] [18] [19] . The In-Se thin film system can reside in many phases such as InSe, In2Se, In2Se3, In5Se6, In4Se3 and In6Se7 [20] . Recently, the new In3Se4 phase of InSe has been reported by some groups having rhombohedral Se-In-Se-In-Se-In-Se layered structure [21] [22] [23] . This new 2D-compound with superior properties has widen the opportunity to fabricate new optoelectronic devices in the future [21, 23] . More recently, In3Se4 has been used as a novel anode material for high-performance Li-ion batteries (LIBs) [24] .
The InSe thin films have extensively been studied fabricating them by various methods such as thermal evaporation [25] [26] [27] [28] [29] , flash evaporation [30, 31] , molecular beam epitaxy [32] , chemical vapor deposition [33] , Van der Wall epitaxy [34] , sol-gel derived techniques [35] and electrodeposition [36] . The maximum of the studies reveal the structural, electrical, electrooptical, electrochemical and spectroscopic properties of the films, phase transformations with temperature and composition, and their potential usefulness in different applications [37] [38] [39] .
Although the electrical, optical and electrochemical properties of InSe films have been studied and reported by many authors [11, [30] [31] [32] [33] [34] , no systematic investigation appears to have been performed on electrical and thermoelectric properties by e-beam evaporation technique.
Hence, it is necessary to explore the fundamental properties of indium selenide thin films to examine its appropriateness in different device applications.
In this paper, we unveil the effects of annealing and temperature variation on the electrical and thermoelectric properties of the InSe thin films prepared by e-beam evaporation technique and also reveal the presence of the new In3Se4 phase by interpreting the experimental results to explore the physical properties of the phase as very few works have been done on this material.
Experimental details

Film preparation
The thin films of InSe was deposited by electron-beam deposition method on glass substrate at a chamber pressure of ~8×10 -5 Pa. The InSe granular powder was purchased from Metron, USA with a purity of 99.999%. A more detail of the film fabrication procedure can be found in other work [40] . The thickness of the film was measured by an optical Tolansky interference method with a precision of ±5 nm [41] . The film fabrication rate was estimated to 8.30 nms -1 . The samples were annealed at 475 K for 30 minutes. This temperature is well above the phase-transition temperature for all of the InSe thin films as discussed later.
Film Characterization
The structure of the InSe thin films of different thicknesses was investigated by X-ray diffraction (XRD) technique using the monochromatic CuKα radiation with Philips "X-pert Pro XRD system". The surface morphology and Energy Dispersive Analysis of X-ray (EDAX) studies of the InSe thin films were carried out by scanning electron microscopy (SEM) with Hitachi S-3400N electron microscope system. The electrical study of the InSe thin films was carried out by the Vander Paw method [42] . The Hall effect study of the InSe thin films was also carried out by the Vander Paw method with magnetic field supplied a by electromagnet from Newport Instruments Ltd.,
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England [42] . The thermoelectric power (TEP) measurement of the annealed InSe thin films was carried out by the integral method [43] using a set up as shown in Fig. 1 (006), (009), (1010) and (021) planes, respectively comparing the XRD data of the reported work [22] . These results indicate the existence of rhombohedral In3Se4 phase in the InSe thin films [22] . The XRD data for In3Se4 are summarized in Table S1 in the supporting information. Therefore, it can be concluded from the XRD results that the asdeposited InSe samples show amorphous behavior whereas the samples become polycrystalline after annealing with the presence of In3Se4 phase in the films [22, 33, 40, [44] [45] . Table 1 . The EDAX spectra of the corresponding InSe thin films are shown in Fig. S4 and S5 in the supporting information.
Results and Discussion
X-ray diffraction and SEM studies
These results indicate that the as-deposited indium selenide thin films have almost In2Se3
(In=40at%, Se=60at%) phase whereas the annealed films have nearly In3Se4 (In=42.86at%, Se=57.14at%) phase of the films. an enlarged view of (a).
As seen in the figure, there is an abrupt fall in resistivity of the InSe thin film in the first heating operation in the observed temperature range of 305-475K. This transition occurs at a temperature of ~415 K and the magnitude of this decrement in resistivity at this particular temperature is about 4.5×10 3 order smaller than that of the value at room temperature. It may be noted that after first heating operation, it exhibits a very small variation of resistivity and it overlaps in the investigated temperature range within several successive heat operations. In order to examine the nature of small variation in the overlapping zone, the dot marked zone of The first sharp fall in resistivity may happen due to the change in phase of the InSe thin films. The irreversible phase-transition property of the films indicates the changes in the film structure by forming highly conducting In3Se4 phase during heating-cooling processes and also the improvement in the crystallinity of the film as revealed by XRD study. Similar type of temperature dependent electrical conductivity for InSe thin films has also been reported by other researchers [44, [46] [47] .
Electrical properties
The change in electrical conductivity (σ) with temperature (T) in the range of 305-475K has been observed for the annealed InSe thin films. 
where ΔEo is the activation energy, σo is pre-exponential factor and kB=Boltzmann constant, respectively. The activation energy of four annealed InSe samples calculated from these plots is shown in Table 2 . It is seen from the table that the activation energy is in the range of [36] [37] [38] [39] [40] [41] [42] [43] meV which is of the order of kBT, suggesting highly degenerate semiconducting or metallic behavior. 
Thermoelectric properties
The variation of thero e.m.f. and TEP of the annealed InSe thin films with temperature are shown in Fig. 6 (a) and (b), respectively. It seen from the Fig. 6(b) [48] . This is also well consistent with the general concept that the thermopower is smaller when the conductivity of the materials is higher [49] . 
where S represents the Seebeck coefficient, kB denotes the Boltzmann constant, T is the absolute temperature, e is the electronic charge, EF is the Fermi energy and r is the scattering parameter. From the TEP data, r has been calculated to be 3 2 indicating ionized impurity scattering is dominant in the films [51] . Using the estimated value of S at 305K, the abovementioned equation provides Fermi energy, EF≈4.4eV. 
where * indicates the effective mass of electron and n denotes the electron concentration, h is the Planck's constant, respectively. The value of n for the annealed InSe thin films has been measured to be ≈4.05×10 21 cm -3 by Hall study at room temperature. Putting the estimated value of S and n at T=305K, the equation (3) yields, * ≈ 0.95m0 where m0 denotes rest mass of electron.
Size effect
According to Fuchs-Sondheimer classical size-effect theory, the thermoelectric power S of a polycrystalline thin film of thickness t is given by [52] is the rate of change of mean free path with the energy estimated at the EF, e is the charge of the charge carrier, kB is the Boltzmann constant, and T is the temperature in K, p is the specularity parameter, σg and σB are the grain-boundary conductivity and the bulk conductivity, respectively.
It is seen from the above equation that thermopower, S should be a linear function of reciprocal thickness, if p is assumed to be a constant. Fig. 7 shows the variation of thermopower with reciprocal thickness at different temperatures. It is seen from the figure that S is linear with reciprocal thickness at every temperature. So, it can be concluded that InSe thin films obey the inverse thickness dependence predicted by the Fuchs-Sondheimer size-effect theories [52] . 
Transition from In2Se3 to In3Se4 phase
It has already been reported that the rare-earth chalcogenide goes to phase transformation from R2X3 to R3X4, where R and X stand for the rare-earth and chalcogen atoms such as S, Se or Te, respectively [49, [53] [54] [55] . These materials have the cubic structure. In R2X3 phase, the two R 3+ ions provide 6 electrons to the chemical bonding which are taken up by the 3 X 2-ions making it insulator as there are no excess electrons available for conduction. On the other hand, in R3X4 phase nine bonding electrons are provided by three R 3+ ions, 8 of them are captured by 4 X -2 ions giving rise to an excess of one conduction electron per formula unit [49] .
The carrier concentration of R3-xX4 phase is given by [53] 
where NA is Avogadro's number, d is the density and M is the molecular weight, respectively.
For example, the perfect crystal (x = 0, i.e. no vacancies) of Ce3S4 has a free electron concentration of 6.25x10 21 cm -3 and the x vacancies necessitates (1 -3x) electrons in the conduction band [53] . Therefore, there is a transition to metallic transport when R2X3 phase transforms to R3X4 as the vacancies are filled with rare-earth ions [49, 53] .
With the same analogy, the metallic behaviour of InSe thin films can be explained. All the investigated as-deposited indium selenide thin films show phase-transformation with transformation temperature roughly depending on film thickness as shown in Fig. S6 in supporting information. As the as-deposited film has In2Se3 phase (revealed by EDAX data), it is a non-degenerate semiconductor having very low conductivity and optical band gap of ~1.6 eV which is very close to that of β-In2Se3 [37] . When this phase changes to In3-xSe4 phase (revealed by XRD and EDAX data) with x=0 to 1/3 due to annealing, it become degenerate with high conductivity and optical band gap of ~1.8 eV (Fig. S7 in supporting information) [56] .
The carrier concentration of the film is of the order of 10 21 as confirmed by the Hall study which can also be calculated by equation (5) 
Where h is the plank constant, * is the effective mass of electron, n is the carrier concentration, respectively. Using the value of * and n, ∆ is calculated to ~0.38 eV whereas it is 0.2 eV as measured from the optical data. Although, the metallic behaviour of the In3Se4 phase has already been reported by few authors, the information about thermoelectric and optical band gap of the In3Se4 material is not confirmed yet [21] [22] [23] . For the rare-earth chalcogenides, Zhuze et a1. have demonstrated that the Seebeck coefficients and electrical resistivities both increase with increasing temperature and the Fermi levels remain in the conduction band and having a range of 0.4-0.6 eV above the bottom of the conduction band [58] .
Our results are also consistent with their observations. As the fermi energy, EF is ~4.4eV
(calculated) and electron affinity of InSe is about 4.55 eV [59] , so fermi level will reside within the conduction band as schematically shown in Fig. 8 . Fig. 9 shows change in electrical conductivity with time for the as-deposited InSe thin films of thicknesses 175 and 250 nm, respectively stored in air at room temperature. It is seen from the figure that the electrical conductivity of the films remains almost stable up to 20 days of aging, and after that, their electrical conductivity increases abruptly. This increase in electrical conductivity may be explained by the mechanism of adsorption or absorption of gases or other impurities to the film. The increase or decrease of conductivity has been found to depend upon the number of molecules adsorbed on the film [60] . These adsorbed molecules may decrease the conductivity of the films if the electron affinity of adsorbed atoms is more than that of the thin films. On the other hand, the conductivity of the films may increase if the films have more electron affinity than that of the adsorbed atoms. The stability and increase of the electrical conductivity of author's sample may be varied due to the latter case. 
Aging effect
Conclusions
The indium selenide thin films have been prepared on glass substrate by e-beam technique. The XRD study unveils that the as-deposited InSe thin films become polycrystalline after annealing with the appearance of In3Se4 Phase. The EDAX study has been carried out to determine the elemental composition of the films. 
